We developed a multichannel three-polarizer spectroscopic ellipsometer based on a data acquisition algorithm for achieving optimized precision. This algorithm measures unnormalized Fourier coefficients accurately and precisely. Offset angles for optical elements were obtained as wavelength-independent values using regression calibration. Derived subsets of data reduction functions were used to calculate sample parameters. Correlation coefficients of Fourier coefficients were used to calculate errors in the sample parameters. Mean standard deviations of the sample parameters for each data reduction method were compared to identify the best method. This approach could be used to identify suitable precision optimization methods for other rotating-element ellipsometers.
INTRODUCTION
The importance and need for a technology capable of measuring and evaluating the properties of nanometerscale-thickness thin films in real time in a nondestructive and noncontact manner during manufacturing processes is gradually increasing in industrial fields related to electronics, such as semiconductor devices, flat-panel displays, and thin-film optics. Therefore, it is noted for a real-time spectroscopic ellipsometer (RTSE), which serves as an important measuring tool in the industrial fields, that the measuring precision and measuring accuracy are being gradually improved and that a faster measuring speed is required for high throughput [1, 2] . From among the various spectroscopic ellipsometer designs, the rotating-polarizer ellipsometer (RPE), the rotating-compensator ellipsometer (RCE), and the photoelastic-modulator ellipsometer designs have been the most widely used for spectroscopic ellipsometry applications [3] [4] [5] [6] . Recently, various dual-rotating-element ellipsometer designs have been studied and reported [7] .
In order to optimize the precision of real-time rotatingelement spectroscopic ellipsometers, it is important to select the best method from among the various measurement techniques. First, a superb Fourier analysis algorithm is needed that can measure the Fourier coefficients of the irradiance waveform accurately and precisely. Thus far, the Hadamard transform is the only data acquisition method to have been used with multichannel rotating-element spectroscopic ellipsometers [5] . In the data acquisition method, first-order error correction has been used to compensate for the problem of incomplete waveform integration owing to the readout time [8, 9] . Second, if there are several possible methods of data reduction (i.e., the process of extracting the ellipsometric sample parameters from the measured Fourier coefficients), the best approach that yields optimal results should be selected systematically. Third, the azimuthal positions of the optical elements used in an ellipsometer should be selected to create an optimum measurement condition in which the standard deviations of the ellipsometric sample parameters are minimized. However, there is no generally accepted method for characterizing or quantifying spectroscopic ellipsometric data accuracy [1, 2] . It is also well known that the standard deviations of the unnormalized Fourier coefficients due to randomly fluctuating errors are correlated. However, to the best of our knowledge, these correlations have not been taken into account in the calculation of the error propagation in data reduction [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
The aim of this work is to systematically investigate the error propagation due to randomly fluctuating noises in the data reduction. For this purpose, we develop a multichannel spectroscopic ellipsometer, capable of limiting the effect of random noise, based on the three-polarizer design and a novel Fourier analysis algorithm. The scanning infrared ellipsometer based on the three-polarizer design had been realized by Stobie et al. [12] . This type of ellipsometer has the best set of characteristics without the systematic errors due to not only the residual polarization of the light source in the RPE design but also the polarization sensitivity of the photometric detector in the rotating-analyzer ellipsometer design. The three-polarizer ellipsometers are also superior in terms of their simple calibration processes with respect to the RCE designs, which have complicated problems related to the dispersion characteristics of the compensator. In Section 2, we introduce a novel Fourier analysis adopted as a novel data acquisition method for the real-time rotatingelement spectroscopic ellipsometers. In Section 3, 10 new data reduction functions for a three-polarizer ellipsometer (3-PE) are derived to compute the ellipsometric sample parameters in terms of the measured Fourier coefficients. In Section 4, we introduce a multichannel spectroscopic ellipsometer developed on the basis of the three-polarizer design and the novel Fourier analysis. The error propagation from the standard deviations of the five Fourier coefficients due to randomly fluctuating noises in the ellipsometric sample parameters is discussed experimentally and theoretically. Finally, a summary is given in Section 5.
DATA ACQUISITION APPROACH
The first step in the data reduction process is to analyze the irradiance waveform measured by any given photodetector element in the rotating-element ellipsometers. The irradiance waveform can be generally described as the sums over a finite number of Fourier series components. It is important to capture the Fourier coefficients of the irradiance waveform accurately and precisely because the Fourier coefficients provide information on the used sample. For the waveform analysis, there are two different techniques: discrete data collection with the nonintegrating photodetectors and waveform integration with the integrating photodetectors. In the former case, the Fourier coefficients can be extracted using the discrete Fourier transform of equidistantly sampled irradiance data, and thus the standard deviations of the measured Fourier coefficients are inversely proportional to the square root of the number of data samples per revolution [18] . In RTSEs, there is generally a serious problem related to the signal-tonoise ratio deteriorating due to the small number of data samples, which is limited by the shortened revolution period of the rotating element. Thus the latter technique, i.e., waveform integration, is widely adopted to improve real-time performance. Recently, we developed a superb Fourier analysis algorithm to capture the normalized Fourier coefficients from an irradiance waveform for multichannel rotating-element ellipsometers [22] . In this work, a method is needed that can directly collect the unnormalized Fourier coefficients from an irradiance waveform and can analyze errors in the data reduction process, and thus the analysis algorithm needs to be rewritten as follows.
For an error-free rotating-element spectroscopic ellipsometer, the irradiance values collected by any given photodetector element at time t can be expressed by the following generic waveform [5] :
where I 0 0 is the experimental average irradiance (i.e., the experimental dc Fourier coefficient), A 0 2n and B 0 2n are the experimental ac Fourier coefficients, ω 2π∕T is the angular frequency of the rotating element, T is the time period of the mechanical revolution, and 2N ho is the index of the highestorder coefficient from among the nonzero Fourier coefficients. When a pixel or binning pixel group in a CCD detector array is read out J times per mechanical revolution of the rotating element, the waveform integration and read processes are composed of sequential time intervals during each scanning time T∕J: the time delay T d prior to beginning the integration after receiving a clock pulse, the integration time T i , the data-read time, and then the waiting time until the next clock pulse is received. Thus, each photodetector element performs a series of measurements, each over a particular exposure time, as expressed by the following waveform integrals for an arbitrary integration time:
To obtain the unnormalized Fourier coefficients from the measured exposures, we adopt a novel data acquisition method based on the discrete Fourier transform, which is applied to the measured S j as follows:
Here, hH (1) by using Eq. (3), J should be selected to be an integer that is a member of the union of the sets {J ≥ 2N ho 1, for odd J} and {J ≥ 4N ho 2, for even J} [22] . Under these conditions, the experimental Fourier coefficients can be derived according to the following equations:
In the Fourier analysis, the integration time T i and the number J of exposures per revolution can be adjusted, and the Fourier coefficients can be measured accurately without any approximation. However, the only data acquisition method for multichannel spectroscopic ellipsometers (the Hadamard transform) traditionally uses the first-order approximation of the nonintegrating time due to the data readout [8, 9] , and also T i cannot be changed without varying the angular speed of the rotating element. The novel Fourier analysis gives a generalized function because it converges to the discrete Fourier transform if the integration time approaches zero for T d 0 and is equal to the Hadamard transform if T i T∕J and T d 0.
DATA REDUCTION FUNCTIONS
To investigate precision optimization for real-time rotatingelement spectroscopic ellipsometers, we consider a threepolarizer ellipsometer system consisting of a white light source, fixed polarizer, rotating polarizer, sample, fixed analyzer, and photometric detector. The 3-PE system based on the novel Fourier analysis is able to minimize the error sources by virtue of its achromatic characteristics, simple calibration process, and error-free operation due to the persistent polarization of the light source. The positions of the transmission axes of the polarizing prisms in the fixed polarizer, rotating polarizer, and fixed analyzer are described by the azimuth angles P, P r , and A, respectively, and are measured such that positive values indicate clockwise rotation with respect to the plane of incidence when looking in the positive z direction, i.e., using the right-hand rule, as shown in Fig. 1 . When r sp is the reflection coefficient of the sp wave for a linear, homogeneous, and isotropic sample, the ideal theoretical irradiance of polychromatic light passing through the fixed analyzer can be calculated using the Stokes vector representation and has the following form [12, 15] :
I 0 γf2 cos2A cos2P − N2 cos2A cos2P
A 2 2γfcos2P cos2A − N1 cos2A cos2Pg; (11)
Here, I 0 is the theoretical dc Fourier coefficient, A 2n and B 2n are the theoretical ac Fourier coefficients, α 2n A 2n ∕I 0 and β 2n B 2n ∕I 0 are the normalized Fourier coefficients, and N jr s j 2 −jr p j 2 ∕jr s j 2 jr p j 2 and C r s r p r p r s ∕jr s j 2 jr p j 2 are the conventional ellipsometric sample parameters [23] , where the asterisk represents the complex conjugate. γ jr s j 2 jr p j 2 ε 0 ∕μ 0 1∕2 s 0 s 1 cos2P s 2 sin2P∕64, where s 0 , s 1 , and s 2 are the Stokes parameters of the light incident on the fixed polarizer, and where ε 0 and μ 0 are the permittivity and the permeability of free space, respectively.
As shown in Eqs. (10)- (14), if not only the values of the five Fourier coefficients but also the angles of P and A are known, the system of five simultaneous equations has three unknowns (N, C, γ), and thus there are multiple solutions for the unknowns. However, thus far, there has been only one method suggested for the 3-PE design for obtaining the ellipsometric sample parameters, as reported in earlier work [12, [15] [16] [17] . In this case, all of the four ac Fourier coefficients have been used to obtain solutions that are overdetermined because the number of equations used is larger than the number of unknowns. When using three simultaneous equations selected from among the five simultaneous equations, there are 10 different ways to solve for the unknowns. Solving each of these subsets of three simultaneous equations gives the following solutions for the ellipsometric sample parameters N and C: Fig. 1 . Schematic diagram of a three-polarizer ellipsometer design where P, P r , and A represent the azimuth angles of the transmission axes of the polarizing prisms in the fixed polarizer, rotating polarizer, and fixed analyzer, respectively, with respect to the plane of incidence, and ϕ is the angle of incidence.
C 9 2 cos2P sin2AB 4 cos2P − A 4 sin2P∕D 9 ; (40)
N 10 fB 4 cos4P − 1 cos2AB 2 − 2B 4 cos2P
C 10 2 sin2A sin2PB 4 cos2P − A 4 sin2P∕D 10 ; (43)
In each of these solutions, D is the denominator for the N and C parameters, and we have written it separately to simplify the representation. Here, the dc Fourier coefficient term is included in only 6 of the 10 subsets of solutions, and the others are represented in terms of only the ac Fourier coefficients. If the numerator and denominator in the right-hand sides of the solution subsets are divided by I 0 , the solutions become functions of the normalized Fourier coefficients. When the dc and ac Fourier coefficients in Eq. (9) are experimentally measured, and the azimuth angles of the fixed polarizer and fixed analyzer are known, a sample's ellipsometric parameters, N and C, can be determined from the measured Fourier coefficients using one of the 10 solution subsets.
EXPERIMENTAL RESULTS
We built a RTSE based on the 3-PE design in which a fixed polarizer, a rotating polarizer, and a fixed analyzer were incorporated as the three linear polarizers, all made from MgF 2 Rochon prisms. The azimuthal angle P of the fixed polarizer can be changed by using a manual rotator, and the index value of the azimuthal angle A 0 of the fixed analyzer can be controlled with a hollow-shaft rotation stage driven by a stepping motor. The index value of A 0 can be calculated by counting the steps of the stepping motor, and the fixed analyzer is positioned at a fixed azimuthal angle selected for the measurement. The step motor has a resolution of 1000 steps=revolution, and the worm gear ratio of the rotation stage is 18∶1. For the ellipsometric measurements, the step motor can be driven in the microstepping mode with 10 microsteps. Thus, the azimuthal resolution of the fixed analyzer is 0.002°∕microstep. The rotating polarizer rotates with a constant angular frequency. An optical encoder attached to the motor system of the rotating polarizer module generates a reference pulse and 1000 clock pulses per mechanical revolution. For the ellipsometric measurements, the standard deviations of the values of T, i.e., the time period of the mechanical revolution for the constantly rotating polarizer, were small, being less than 0.3% of the mean value of T, and thus, a sufficiently good azimuthal resolution of the rotating polarizer could be achieved by the RTSE. A commercial multichannel spectrometer operating in the wavelength range of 245-1000 nm and having 2048 pixels is used as the photometric detector. A charge-coupled device (CCD) array in the spectrometer is set to operate in timeintegrating and external trigger mode, such that its waveform integration is initiated every time a clock pulse is received, where the clock pulses are generated synchronously with the rotation of the rotating polarizer. The field-programmable gate-array board NI PCI-7811R allows the number of clock pulses per mechanical revolution to be set to any of the positive divisors of 1000. The polarization modulation arm and the polarization analysis arm can be controlled using a goniometer system to set the angle of incidence, i.e., ϕ.
To assess the measurement precision of the RTSE, a nominally 30 nm-thick thermal SiO 2 film grown on c-Si wafers was used as the sample, and the angle of incidence was set to ϕ 70°. It is well known that the optimum measurement condition for the azimuthal position of the fixed polarizer occurs when the light irradiance reflected from the sample is balanced between the s wave and the p wave [18] . Thus, the azimuthal position of the fixed polarizer should be located at or near the optimum position of jPj hΨi λ for the sample, where hΨi λ of the sample is the mean of the Ψ tan −1 jr p j∕jr s j spectrum in the range of the wavelengths used in the measurement, because the amplitude ratio of the s wave and p wave electrical fields of the polarized light reflected by the sample is given by jE rp j∕jE rs j tanΨ∕j tan Pj. In this work, the azimuthal angle of the fixed polarizer was positioned manually at an angle near 20°based on the mean value of the Ψ spectrum simulated for the sample.
For proper measurement, a calibration of the offset angles of the polarizers should be made for the RTSE, where the three unknowns can be considered as the calibration parameters. The value of P is controlled by the manual rotator and is thus unknown. When the index angle A 0 controlled by the stepping motor is positioned at zero, the unknown azimuthal angle of the transmission axis of the fixed analyzer prism with respect to the plane of incidence is denoted by −A 0 , and then A A 0 − A 0 . Finally, −P r0 denotes the unknown position of the transmission axis of the rotating polarizer prism with respect to the plane of incidence when a reference pulse is received by the spectrometer. At time t, the azimuth angle of the rotating polarizer with respect to the plane of incidence is expressed by the relation P r ωt − P r0 . Therefore, the Fourier coefficients have the following relations, derived from setting Eqs. (1) and (9) equal to each other, such that I ex t I th P r :
where n has a value of 1 or 2.
The spectra of the four normalized Fourier coefficients were measured at multiple reading angles (A 0 ) of the fixed analyzer from 0°to 358°in steps of 2°for 133 wavelengths in the range 500-700 nm. By using regression fitting [24] on the four normalized Fourier coefficients as shown in Fig. 2 , the calibration parameters were obtained for each wavelength. We note that the obtained calibration parameters are independent of the wavelengths used in the calibration measurements, as shown in Fig. 3 , and they have mean values of hPi λ 21.621° 0.016°, hA 0 i λ 71.120° 0.006°, and hP r0 i λ −19.491° 0.011°obtained by averaging the values of the calibration parameters collected for the wavelengths in the range of 500-700 nm, as shown in Fig. 3 . These achromatic results of the calibration parameters are due not only to using the multichannel spectrometer with simultaneous data transfer but also to removing the errors due to the persistent polarization of the light source by adding the fixed polarizer between the light source and the rotating polarizer in the conventional RPE configuration. In Fig. 4 , using the obtained calibration parameters, the spectra of the Fourier coefficients were measured by using the RTSE under the conditions A 45°, J 20, M 60, T i 1.6 ms, and T 68.6 ms. Figure 5 shows the sample standard deviations of the measured Fourier coefficients of Fig. 4 . In Fig. 5 , a comparison between the standard deviations gives the approximate set of relations σB 2 > σA 4 σB 4 > σA 2 > σI 0 , as predicted by the earlier theoretical result derived for discrete data collection with the nonintegrating photodetector [18] .
It is well known that the Fourier coefficients are correlated. However, previous works [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] ignored the correlation effects in the calculations of the errors on the ellipsometric sample parameters, although the correlation between the Fourier coefficients can have some effect on the errors of the ellipsometric sample parameters. If a function Qx 1 ; x 2 ; x 3 has a correlation between the variables x i , as with the data reduction functions in Section 3, its sample variance can be calculated by [25, 26] 
where c x i ∂Q∕∂x i is the sensitivity coefficient, and the sample correlation coefficient for the measurands is given as
In Eq. (49), the entries in the sample covariance matrix are defined as
From Eq. (48), it can be seen that the errors in the Fourier coefficients due to random temporal fluctuations, of which an example is photon shot noise, can be transferred into the ellipsometric sample parameters. The choice of the data reduction function determines the amount that the random noise of the Fourier coefficient affects the errors of the ellipsometric sample parameters. Thus, there are three factors in the error propagation for the ellipsometric sample parameters: the standard deviations of the Fourier coefficients, the sensitivity coefficients, and the correlations. As shown in Fig. 6 , we measured the correlation coefficients for ten pairs from among the five Fourier coefficients. When the correlation coefficients are zero, the standard deviations of the ellipsometric sample parameters can be calculated by using Eq. (48) with the measured standard deviations of Fig. 5 and the sensitivity coefficients derived from the data reduction functions in Section 3. In the case of N 1 and C 1 from Eqs. (15)- (17), the theoretical values of the standard deviations of the Fourier coefficients did not give satisfactory fits to the corresponding experimental data, as shown in Figs. 7(a) and 7(b). However, when the measured correlation coefficients shown in Fig. 6 are included in the theoretical calculation of the standard deviations, the fits were much improved and agreed well with the corresponding experimental data, as shown in Figs. 7(c) and 7(d). This finding shows that the correlation terms in Eq. (48) must be incorporated into calculating the errors of the ellipsometric sample parameters from the measured Fourier coefficients, unlike the approach used in Fig. 3 . Offset angles of the transmission axes of the fixed polarizer, fixed analyzer, and rotating polarizer with respect to the plane of incidence. The fit results were obtained by using the regression calibration [24] for each wavelength as shown in Fig. 2 . Fig. 4 . Using the RTSE, the mean values of the experimental spectra of the Fourier coefficients were obtained from the nominally 30 nmthick thermal SiO 2 film grown on c-Si wafers where the spectra had been averaged over 60 mechanical turns. earlier works [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , and these terms might be used to find the optimum measurement condition for the azimuthal angles of the fixed optical elements used in the conventional rotating-element ellipsometers in order to enhance their precision.
To find the best method among the possible data reduction processes, the sample standard deviations of the oxide films were determined from the measured spectra of ellipsometric sample parameters, using each subset from among the subsets of the data reduction functions in Eqs. (15)-(44). To determine the best subset to use, mean values were obtained by averaging the values of the standard deviations collected only for the wavelengths used in the range of 400-700 nm, as listed in Table 1 . A smaller mean value of the standard deviations indicates a better precision. The prediction shows that the optimal subsets are the third and the fifth ones for measuring the spectra of N and C, respectively. For the optimal measurements of both N and C, the best choices are the first and eighth subsets because the sum of their ranks (obtained by ordering the subsets by the mean values of their Fig. 6 . Experimental spectra of the correlation coefficients between the Fourier coefficients, which were obtained using the RTSE under the same measurement conditions as in Fig. 4 . standard deviations from smallest to largest, as shown in Table 1 ) are the smallest. The spectra of N and C for the 30 nm-thick oxide sample, shown in Fig. 8 , were measured using the RTSE and the first subset from among the data reduction subsets. Subsequently, the spectra were fitted using a one-parameter model, which used the refractive indices of the SiO 2 film and the c-Si substrate presented in the reference data of a former work [27] . The simulations fit very well with the corresponding experimental spectra, and thus it may be noted that the RTSE based on the three-polarizer design performs very well, and the data reduction functions represented in terms of the three Fourier coefficients can have better precision in comparison with the earlier data reduction [16] .
To test the performance of the RTSE based on the threepolarizer design additional experiments were conducted on three more oxide samples, i.e., native oxide, 100 nm-thick SiO 2 , and 500 nm-thick SiO 2 films on c-Si, under the same measurement conditions, as shown in Fig. 8 . The simulation results seem to be in relatively good agreement with the corresponding experimental spectra, as shown in Figs. 9-11. When the measurement condition for the native oxide sample was changed to enhance the signal-to-noise ratio of the RTSE, as shown in Fig. 12 , the fit results were improved in comparison with those presented in Fig. 9 . Therefore, a further investigation is necessary to analytically determine the optimal measurement conditions for the RTSE. 
SUMMARY
In this work, we developed a RTSE based on a three-polarizer configuration composed of a white light source, a fixed polarizer, a rotating polarizer, a sample, a fixed analyzer, and a multichannel spectrometer in order to investigate the precision optimization of real-time rotating-element spectroscopic ellipsometers. For this purpose, a novel Fourier analysis algorithm, i.e., the discrete Fourier transform of the measured exposures, was adopted to obtain the Fourier coefficients accurately and precisely, in contrast with the only data acquisition method used previously [5] . From the spectra of the normalized Fourier coefficients experimentally obtained using the novel Fourier analysis, the offset angles of the fixed polarizer, rotating polarizer, and fixed analyzer were determined by regression calibration, and their values were almost constant, independent of the wavelengths used. The excellent fits to the experimental spectra of the ellipsometric sample parameters strongly suggest that the RTSE based on the three-polarizer design is very reliable and that the precision of the data reduction functions represented in terms of the three Fourier coefficients was considerably enhanced compared with the commonly used data reduction functions Fig. 10 . Circular and triangular symbols represent the experimental spectra of the ellipsometric sample parameters, hN 1 i and hC 1 i, for a nominally 100 nm-thick thermal SiO 2 film grown on c-Si wafers using the RTSE. The solid lines in (a) denote the best-fit one-parameter simulation, yielding an oxide thickness of 102.28 nm 0.02 nm. hδN 1 i and hδC 1 i in (b) denote the differences between the fit and measured spectra in (a). Fig. 11 . Circular and triangular symbols represent the experimental spectra of the ellipsometric sample parameters, hN 1 i and hC 1 i, for a nominally 500 nm-thick thermal SiO 2 film grown on c-Si wafers using the RTSE. The solid lines in (a) denote the best-fit one-parameter simulation, yielding an oxide thickness of 489.37 nm 0.03 nm. hδN 1 i and hδC 1 i in (b) denote the differences between the fit and measured spectra in (a). Fig. 12 . Experimental spectra of the ellipsometric sample parameters of hN 1 i and hC 1 i for the native oxide sample obtained by using the RTSE in a better measurement condition than that used in Fig. 9 . The solid lines in (a) denote the best-fit one-parameter simulation, yielding an oxide thickness of 1.725 nm 0.009 nm. hδN 1 i and hδC 1 i in (b) denote the differences between the fit and measured spectra in (a). [16] . We also showed that the correlation coefficients between the Fourier coefficients should be included in the error calculation for the ellipsometric sample parameters. Finally, to determine the optimized precision of the RTSE, the standard deviations and correlation coefficients of the unnormalized Fourier coefficients should be formulated analytically for our novel data acquisition method because they are varied by changing the azimuthal angles of the fixed polarizer and fixed analyzer. Therefore, further study is definitely warranted to analytically determine the optimal angles for the best precision of the RTSE [28] . This approach will be helpful for analyzing the optimization of the precision of other types of rotating-element ellipsometers.
